Monoclonal antibodies were produced against two comoviruses, cowpea mosaic virus and cowpea severe mosaic virus. The antibodies were tested for their recognition of coat proteins of each virus in various conformational states by enzyme-linked immunosorbent assays. Three groups of epitopes were identified on the basis of antibody binding to native or denatured virions. Antibodies specific for epitopes exposed only after virus denaturation were cross-reactive, recognizing both viruses. Antibodies binding epitopes of the other two groups recognized intact virions and varied in their degree of cross-reactivity.
INTRODUCTION
Cowpea mosaic virus (CPMV) and cowpea severe mosaic virus (CPSMV) are comoviruses and thus are similar in their genome organization and capsid structures. Although distantly related serologically (Agrawal & Maat, 1964; Swaans & van Kammen, 1973) and originally proposed to be strains of the same virus (Agrawal, 1964) , CPMV and CPSMV are now thought to be distinct viruses (Swaans & van Kammen, 1973) .
CPMV contains 60 copies each of a large and a small coat protein subunit (VP37 and VP23, respectively). Although virions can be disrupted by detergents or urea, the large protein subunit is prone to aggregation, even in the presence of 8 M-urea (Wu & Bruening, 1971) . It has also been demonstrated that a few copies of each coat protein subunit bind to RNA after virions are denatured by heating in the presence of detergent (Daubert & Bruening, 1979) . We report on the binding of monoclonal antibodies against isolates of CPMV and CPSMV to intact and to denatured virus coat proteins. Analysis of antigenic patterns has revealed information regarding the structural organization of the viruses and at least three epitopes were evident.
were immortalized by polyethylene glycol-mediated fusion with NS-1 myeloma cells (American Type Culture Collection) . Hybridoma culture fluids were tested by antibody-trapped indirect ELISA and plate-trapped indirect ELISA, as described below. Hybridomas secreting virus-specific antibodies were subjected to a minimum of two cycles of limiting dilutions. Cell line numbers with SB or DG prefixes refer to mice immunized with CPMV and CPSMV, respectively.
Ascitic fluid was collected from mice injected intraperitoneally with bybridoma cells (Goding, 1980) . Isotyping ofmonoclonal antibodies. The subclasses of antibodies were determined by ELISA. Reagents and test antibodies were in kit form (Calbiochem).
Ouchterlony assay. Double-diffusion immunoassays were performed in 0.7~ agar in PBS (Stollar & Levine, 1963) . Antigen (40 ~tl of virus at 200 p.g/ml) was pipetted into wells adjacent to wells containing 40 ktl antibody serially diluted in PBS.
ELISA. Antibody-trapped, plate-trapped and liquid-phase competition ELISAs were performed as described by McCullough et al. (1985) and Tremaine et al. (1985) . For antibody-trapped ELISA, polystyrene microtitre plates (Linbro; Flow Laboratories) were coated with rabbit immunoglobulins diluted 1:100 in PBS and blocked with 1 ~ ovalbumin, 0.05~ Tween-20 in PBS. The antigen was added in blocking buffer, which also included 0.1 ~ soluble polyvinylpyrrolidone for plant extracts (Clark et al., 1986) . For plate-trapped ELISA, antigen in the indicated buffer was added directly to polyvinyl microtitre plates (Falcon) and incubated overnight at 4 °C. The remainder of the assays were identical for both antibody-trapped and plate-trapped ELISAs. Antibody was added in 100 ~tl blocking buffer and incubated for 2 h at 37 °C. The antibody dilution that gave maximum absorbance relative to background with 3 ~tg antigen was used throughout the subsequent experiments. Antibody DG5 was obtained from culture fluid and was used without dilution. Ascites fluid containing DG3 was diluted 1 : 2000, DG4 was diluted 1:4000 and all others were diluted 1:5000.
For liquid-phase competition assays, antigen was serially diluted in buffer containing monoclonal antibody and incubated at 37 °C for 2 h. The resulting mix was applied to microtitre plates either coated with rabbit immunoglobulins and saturated with antigen (antibody-trapped competition assays) or coated directly with antigen (plate-trapped competition assays). The amount of monoclonal antibody bound to the solid phase was determined by ELISA.
In all assays, bound antibody was detected by goat anti-mouse-(IgG and IgM) or goat anti-rabbit-(IgG and IgM) conjugated to alkaline phosphatase (Kirkegaard & Perry Laboratories). Colour was developed with phosphatase substrate tablets (Sigma) in 10% diethanolamine pH 9.8. Absorbance values were determined (BioTek microtitre plate reader) and the reported values are the difference between readings at 405 and 495 nm (each measured against an air blank).
Each experiment used two or three replicated plates and the experiments were repeated three times, except tests with guanidine-disrupted virus proteins, which were done twice.
Plant extracts. Cowpeas were mechanically inoculated with virus and leaf discs (approximately 100 mg) were collected 5 to 7 days after inoculation and stored at -20 °C. Each disc was homogenized in 600 p.1ELISA blocking buffer and centrifuged. The supernatant fluid was diluted 1 : 100 in blocking buffer.
Viruspartiele disruption. In one procedure, virus was heated at 65 °C for 1 h in disruption buffer (8 M-urea, 0.2~ 2-mercaptoethanol, 1 ~ SDS) (Wu & Bruening, 1971) . The soluble product was dialysed overnight against either PBS plus 0-1% 2-mercaptoethanol or 8 M-urea in PBS plus 0.1 ~ 2-mercaptoethanol. Protein concentrations were determined by absorbance, assuming A208 at 1 mg/ml = 1.2. Samples were further diluted with 4 M-urea in PBS as required and used directly in plate-trapped ELISA.
Approximately 5 mg of treated virus was applied to a column of Sephadex G-200 (45 x 2.5 cm) equilibrated with 5 M-urea, 0.2~ 2-mercaptoethanol in PBS. Protein concentration in column fractions was determined by the method of Sedmak & Grossberg (1977) .
In a second method, virus was incubated overnight at 0 °C in 2.65 M-guanidine-HC1, 1-65 M-LiC1, 5 mM-2-mercaptoethanol, 1 raM-boric acid and 0.5 mM-NaOH (Wu & Bruening, 1971) . The precipitate was removed by centrifugation and the protein was precipitated by exhaustive dialysis against water at 4 °C, collected by centrifugation and redissolved in sample buffer (5 M-urea, 0.2 ~ 2-mercaptoethanol in one-quarter strength PBS). Samples of disrupted virus were applied to a Sephadex G-200 column (90 x 1.5 cm) equilibrated with sample buffer. The peaks were detected by absorbance at 280 nm and the two protein peaks were collected, dialysed against water and concentrated by lyophilization. Dried samples were redissolved in sample buffer and used for plate-trapped ELISA.
Electrophoresis and immunoblotting. Virus proteins were resolved by denaturing PAGE (Laemmli, 1970) . For immunoblots, virions were disrupted in urea, SDS and 2-mercaptoethanol, the proteins resolved by electrophoresis and then transferred to nylon membranes (GeneScreen) (Burnette, 1981) . Non-specific binding sites on the membranes were blocked with 3~ foetal bovine serum and antibodies were then added. Bound antibodies were detected with goat anti-mouse-(IgG and IgM) conjugated to peroxidase and followed by substrate solution [0.5 mg/ml 4-chloro-6-dinaphthol in a solution of methanol and PBS (1 : 5) plus 0-03 ~ hydrogen peroxide]. 
General characteristics of the monoclonal antibodies
Eight CPMV monoclonal antibodies and seven CPSMV monoclonal antibodies were used to probe the structure of virus coat protein subunits. The subclasses and the ability to produce visible precipitin lines in Ouchterlony double-diffusion assays are indicated in Table 1 . Data from antibody-trapped and plate-trapped indirect ELISAs using both homologous and heterologous assays are also presented in Table 1 . Monoclonal antibodies SB2, SB5, DG7 and DG11 exhibited the greatest selectivity, as indicated by higher assay yields in homologous ELISAs, relative to heterologous assays. With the exception of antibody SB2, the ability to discriminate between the viruses was much less in plate-trapped ELISAs. The selectivity of several monoclonal antibodies was confirmed by liquid phase competition assays (Tainer et al., 1984) (data not shown).
Sensitivity of virus antigen recognition
The limit of detection (i.e. signal-to-background ratio of 2) was highly dependent on the particular antibody. In antibody-trapped ELISA, antibody DG11 could detect 5 ng CPSMV, but antibody DG4 could only detect greater than 2 ~tg CPMSV. Other antibodies were intermediate in binding. SB2, SB4 and SB5 detected 15 ng, 50ng and 10 ng of CPMV respectively and DG9 detected 50 ng CPMSV.
In the plate-trapped form of ELISA binding of DG4 increased significantly, permitting detection of 10 ng CPSMV.
Binding to denatured viral antigens
The data in Table 1 suggest that monoclonal antibodies SB4, SB5, DG3, DG7, DG9 and DG 11 were specific for epitopes sensitive to the integrity of the virus particle, since the physical binding of virions to microtitre plates reduced monoclonal antibody binding. It is also evident that antibodies SB1, SB3 and SB9 recognized epitopes normally shielded from antibody binding in intact particles, but which became more accessible as a result of virus binding to the microtitre plate. Results were identical for virus diluted in either PBS or sodium carbonate buffer pH 9.6 (Clark et al., 1986; Dore et al., 1988) prior to binding to the microtitre plate. Binding of most of the monoclonal antibodies to virus was decreased by SDS and urea treatment of the virions (Table 2) . However, SB2 bound strongly to the treated virus particles and the binding of antibodies SB9 and DG4 increased significantly upon denaturation of virus in SDS plus urea. These data suggested that the epitopes recognized by SB9 and DG4 were shielded by a relatively stable structure in the intact virion not affected by binding to microtitre plates, but exposed upon treatment of the virus with SDS and urea.
The effect of SDS plus urea on the integrity of the viruses was assessed by gel filtration. Intact virions eluted as a single peak whereas virions treated with SDS and urea produced a broad M, range of fractions. Denaturing PAGE indicated that each of these fractions contained both viral coat protein subunits (data not shown). These observations indicate that treatment with SDS plus urea causes CPMV and CPSMV to dissociate into a heterogeneous population of subunit aggregates. Individual column fractions were tested for their ability to bind antibodies. Monoclonal antibodies SB2 and DG4 and rabbit immunoglobulins bound to protein fractions representing the entire Mr range but antibodies SB4, SB5, DG7, DG9 and DG11 bind only intact virions (Table 1 ) and failed to bind any of the column fractions from dissociated virus.
Guanidine is a powerful protein denaturant and is particularly effective in dissociating nucleoprotein complexes (Cox, 1968) . PAGE of column fractions of guanidine-lithium chloride-denatured proteins indicated that complete resolution of the large (VP37) and small (VP23) protein subunits had occurred. Monoclonal antibodies SB2 and DG4 bound strongly (Table 2 ) to virus protein after guanidine treatment. The ability of the determinants recognized by SB2 and DG4 to withstand extensive protein denaturation suggested that continuous epitopes were involved.
Epitopic sites were further examined by immunoblots of denaturing polyacrylamide gels (Fig.  1) . Antibodies SB2 and DG4 reacted with the large protein subunits of CPMV and CPSMV respectively; although the binding of DG4 was much weaker than that of SB2. Antibodies SB4, SB5, DG7, DG9 and DGll did not bind to immunoblots. and intact virions. The aggregates consist of both VP23 and VP37, as indicated by gel electrophoresis. This behaviour implied extensive aggregation of the proteins ; Wu & Bruening (1971) found that the large capsid protein (VP37) of CPMV was prone to aggregation, even in the presence of 8 M-urea. In contrast, after guanadine-lithium chloride treatment, individual protein subunits VP23 and VP37 were resolved by gel filtration. The degree of virus disruption had a marked influence on the ability of some monoclonal antibodies to differentiate between viruses. Antibody SB1 discriminated between CPMV and CPSMV only if virus structure was modified; denaturation of CPMV increased binding of the antibody but denaturation of CPSMV did not affect binding. Antibodies SB4 and DG3 did not discriminate between denatured CPMV and CPSMV and binding of DG3 to CPSMV particles diminished upon virus denaturation, whereas binding to CPMV was enhanced. DG3 bound equally well to both viruses after they had been treated with SDS plus urea. These data suggested that the viruses shared a common epitope that is modified or shielded by neighbouring groups within intact CPMV. Subsequent denaturation exposed this epitope.
Monoclonal antibodies can be classified in accordance with their preferential binding to either native or denatured virions (Table 3) . Group 1 epitopes are likely to be presented on the virus surface, whereas group 2 epitopes are labile and recognition of these sites is lost by virus denaturation. Group 3 epitopes are not available for binding in the intact virion, but become accessible only after particle disruption. These groups of antigenic determinants correspond to metatopes, neotopes and cryptotopes respectively (Dore et al., 1988; van Regenmortel, 1982) .
These terms were defined with reference to the rod-shaped particles of tobacco mosiac virus and appear to be applicable to the isometric particles of comoviruses. However, antibodies SB2 and DG4 react with intact virions and denatured virions (subunits), but also react with subunits in plate-trapped ELISA, a behaviour not observed in antibodies binding to tobacco mosaic virus metatopes. Several monoclonal antibodies are cross-reactive between these strains of CPMV and CPSMV. Group 1 and 2 epitopes are bound by both cross-reactive and non-cross-reactive antibodies; all group 3 epitopes are recognized only by cross-reactive antibodies. The crossreactivity of antibodies against group 3 epitopes may reflect important structural functions of this region of the virus capsid. Further studies will be required to determine whether these antibodies react with other comoviruses and whether group 3 epitopes correspond to conserved features of comoviruses.
